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INTRODUCTION 

Coal combustion i s  a major source  of s u l f u r  d ioxide ,  and s i n c e  e lectr ic  u t i l i t i e s  
a r e  t h e  major consumers of c o a l ,  power gene ra t ing  s t a t i o n s  a r e  t h e  p r i n c i p a l  po in t s  
of o r i g i n  f o r  t h i s  p o l l u t a n t .  Consequently, t h e  a i r  p o l l u t i o n  r e g u l a t i o n s  de- 
s igned  t o  check t h e  emission of s u l f u r  d ioxide  concern t h e  e l e c t r i c  u t i l i t i e s .  
The s u l f u r  d ioxide  abatement r egu la t ions  of  many communities t r a n s l a t e  t o  a per- 
m i s s i b l e  concent ra t ion  of 0 . 3  - 1 . 0  percent  s u l f u r  i n  f u e l s , 2  w i t h  0.7 a comon 
l i m i t .  This  l e v e l  of s u l f u r  i s  t o o  low f o r  most of t h e  c o a l  t h a t  has  been con- 

desc r ibes  a method f o r  producing an  accep tab le  low-sulfur  u t i l i t y  f u e l  by hydro- 
desu l fu r i z ing  c o a l  c a t a l y t i c a l l y  i n  a cont inuous fixed-bed r e a c t o r .  

The r e a c t i o n  of c o a l  w i th  hydrogen has  been s t u d i e d  ex tens ive ly  i n  t h e  p a s t  wi th  
t h e  o b j e c t i v e  of producing gaso l ine  and s p e c i a l  f u e l   oil^.^"'^ A t  e l e v a t e d  t e m -  
p e r a t u r e s  and p res su res  and i n  t h e  presence  of s u i t a b l e  c a t a l y s t s ,  c o a l  r e a c t s  w i th  
hydrogen t o  g ive  a mixture  of l i q u i d  and gaseous hydrocarbons and t h e  heteroatoms 
i n  c o a l  a r e  e l imina ted  as hydr ides .  The i n i t i a l  l i q u i d  hydrocarbon products  may 
then be  upgraded t o  gaso l ine  o r  o t h e r  h igh  grade  f u e l s  b u t  an i t e m  of major c o s t  
i n  t h e  process  is hydrogen. Coals con ta in  about  5 pe rcen t  hydrogen, gaso l ine  about  
1 4  percent ,  and many f u e l  o i l s  about 9-11 pe rcen t .  Thus, large q u a n t i t i e s  of  hy- 
drogen, an expensive gas ,  a r e  r equ i r ed  t o  produce g a s o l i n e  o r  such  o i l s  from c o a l .  
However, d e t a i l e d  cons ide ra t ions  of  p a s t  d a t a  r e v e a l  t h a t  t h e  consumption of hy- 
drogen i n  t h e  primary l i q u e f a c t i o n  of coa l  is  s m a l l ;  t h e  bu lk  of t h e  hydrogen i s  
consumed i n  upgrading t h e  products  of  primary l i q u e f a c t i o n .  A s o l u t i o n  t o  t h e  f u e l  
problem of t h e  e l e c t r i c  u t i l i t i e s  may, t h e r e f o r e ,  be  found by l i m i t i n g  t h e  hydro- 
gena t ion  of  t h e  c o a l  t o  t h e  pr imary l i q u e f a c t i o n  s t e p  only ,  making d e s u l f u r i z a t i o n  
wi th  minimal hydrogen consumption t h e  exc lus ive  ob jec t ive .  The expendi ture  of hy- 
drogen on t h e  primary l i q u e f a c t i o n  of c o a l  is o f  course unavoidable  because of t h e  
molecular  a l t e r a t i o n s  a s soc ia t ed  wi th  removal of  bound s u l f u r ;  however t h e  f a r  
l a r g e r  expendi ture  of hydrogen i n  upgrading t h e  products  of pr imary l i q u e f a c t i o n  
t o  even lower molecular  weights  may be  e l imina ted .  

The work of t h i s  r e p o r t  shows t h a t  t h e  r e a c t i o n  of coa l  w i t h  hydrogen may b e  con- 
ducted under s e l e c t  cond i t ions  t h a t  promote d e s u l f u r i z a t i o n  bu t  minimize a d d i t i o n a l  
hydrogenat ion of t h e  products  from t h e  pr imary l i q u e f a c t i o n .  The r e l a t i v e l y  v i s -  
cous l i q u i d  product  may then  be  used as a low-sulfur  u t i l i t y  f u e l  e i t h e r  d i r e c t l y  
o r  a f t e r  f u r t h e r  phys i ca l  ref inement  by removal of t h e  ash  and unreac ted  c o a l ,  de- 
pending on t h e  des ign  of t h e  furnace  t o  b e  f i r e d  wi th  i t .  An ash- f ree  f u e l  is 
of  cons iderable  b e n e f i t  t o  some furnace-boi le r  o r  even turbo-engine i n s t a l l a t i o n s .  

> 

i 
'i sumed by power gene ra t ing  s t a t i o n s  t o  b e  pe rmis s ib l e  f u e l s . 3  The p r e s e n t  work 

Hydrodesul fur iza t ion  of a tar  s l u r r y  of c o a l  con ta in ing  3 . 4  percen t  s u l f u r  t o  
y i e l d  a f u e l  having 0.3 pe rcen t  s u l f u r  at  4,000 p s i g  w a s  descr ibed  i n  o u r  e a r l i e r  
pub l i ca t ion .9  It has  now been found t h a t  f u e l  o i l s  conta in ing  an  equa l ly  low l e v e l  
of s u l f u r  are obtained a t  t h e  more economical cond i t ions  of reduced p r e s s u r e  of 
2,000 p s i g  and s h o r t e r  res idence  time when t h e  product  i s  cen t r i fuged  and r ecyc le  
o i l  i s  used i n s t e a d  of tar  as feed  veh ic l e .  
o i l s  of only 0.18 percent  s u l f u r  from t h i s  c o a l  a t  t h e s e  cond i t ions .  
and chemical and phys ica l  p r o p e r t i e s  of desu l fu r i zed  s y n t h e t i c  f u e l  o i l s  from t h r e e  
d i f f e r e n t  coa ls  are d e t a i l e d  i n  t h i s  r e p o r t .  

Complete s o l i d s  removal would y i e l d  
The y i e l d s  
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EXPERIMENTAL 

B a s i c a l l y ,  t o  e f f e c t  hydrodesu l fu r i za t ion  wi thout  unnecessary hydrogenat ion,  a 
s h o r t  r e s idence  t i m e  i n  a packed-catalyst-bed r e a c t o r  is used. Condi t ions are 
h igh ly  t u r b u l e n t  t o  p reven t  plugging and t o  assist c a t a l y s i s .  
e e r i n g  d e t a i l s  concerning p l a n t  ope ra t ions  and s e l e c t i o n  of cond i t ions  have been 
p resen ted  elsewhere;  l o  t h u s  a b r i e f  d e s c r i p t i o n  of t h e  experimental  approach suf -  
f i c e s  he re .  

P l a n t  and Procedure.  F igu re  1 i s  a s i m p l i f i e d  diagram of t h e  hydrodesul fur iza-  
t i o n  p l a n t .  The r e a c t o r  w a s  a 68-foot l ong  tube  of  5/16-inch i d ,  fo lded  i n t o  
3-112 h a i r p i n  loops t o  f i t  i n s i d e  a v e r t i c a l l y  p l aced ,  10-foot long,  cy l ind r i -  
c a l  furnace  of  10-inch i d .  The r e a c t o r  was c h a r w d  wi th  about 2 l b  of a com- 
merc ia l  Co-Mo/SiOZ-A1203 c a t a l y s t .  
p e r a t u r e  t a r  and hydrogen passed  through a p rehea te r  before  e n t e r i n g  t h e  r e a c t o r  
from t h e  bottom end. The product  stream leav ing  t h e  r e a c t o r  a t  t h e  top  end 
was l e d  through a water-cooled condenser t o  a h igh-pressure  r e c e i v e r  f o r  l i q u i d  
products .  The l i q u i d s  and unreac ted  s o l i d s  w e r e  c o l l e c t e d  i n  t h i s  r ece ive r  from 
where they  were i n t e r m i t t e n t l y  d ischarged  i n t o  a v e s s e l  a t  a tmospheric  p re s su re .  
The gases  l eav ing  t h e  r e c e i v e r  were passed through a second condenser and a second 
high-pressure r e c e i v e r  t o  ensu re  condensat ion and c o l l e c t i o n  of any low-boiling 
product  no t  r e t a i n e d  i n  t h e  f i r s t  r ece ive r .  It may b e  mentioned, i n t e r  a l ia ,  
t h a t  i n  t h e  series of  runs  desc r ibed  i n  t h i s  paper ,  no l i q u i d  w a s  c o l l e c t e d  i n  
t h e  second high-pressure r e c e i v e r .  The gas  s t ream w a s  scrubbed wi th  a l k a l i  solu- 
t i o n  t o  remove H2S and NH3,  t hen  f i n a l l y  reduced t o  a tmospheric  p re s su re ,  metered, 
sampled, and f l a r e d .  I n  mul t ip le -pass  experiments ,  t h e  products  were r e i n t r o -  
duced i n t o  t h e  r e a c t o r  f o r  a s  many repea ted  hydro t rea tments  as d e s i r e d .  

S ince  a commercial o p e r a t i o n  w i l l  almost c e r t a i n l y  be  conducted wi th  s l u r r i e s  of 
coa l  i n  a p o r t i o n  of t h e  s t e a d y  s ta te  I i q u i d  genera ted  i n  t h e  process  i t s e l f ,  t h e  
hydrodesu l fu r i za t ion  o f  c o a l  i n  a v e h i c l e  of coal-der ived l i q u i d  was a l s o  s tud ied .  
The coal-der ived l i q u i d  w a s  p repared  by conduct ing a 4-cycle hydrodesul fur iza t ion  
experiment i n  which t h e  f e e d  f o r  t h e  f i r s t  c y c l e  was a s l u r r y  of 30 w t  p c t  coa l  
i n  tar whi l e  t h e  f eeds  f o r  t h e  second, t h i r d ,  and fou r th  cyc le s  were s l u r r i e s  of 
30 w t  p c t  c o a l  i n  the c e n t r i f u g e d  l i q u i d  products  from t h e  preceding  cycle .  It 
is es t ima ted  t h a t  t h e  cen t r i fuged  l i q u i d  products  from t h e  f o u r t h  cyc le  contained 
a t  least 80 percent  coa l -der ived  l i q u i d s .  

Extens ive  engin- 

The f eed  stream of c o a l  s l u r r y  i n  high-tem- 

For secondary reasons ,  cont inuous  ope ra t ion  of t h e  p l a n t  was l i m i t e d  t o  a maximum 
of  1 2  days a f t e r  which t h e  p l a n t  w a s  s h u t  down f o r  2 days. 
w i th  a newly made r e a c t o r  charged w i t h  f r e s h  c a t a l y s t .  

Sampling of t h e  Products  and  Analys is .  
feed  were c o l l e c t e d  i n  a b a t c h  and sampled f o r  a n a l y s i s .  Benzene i n s o l u b l e s ,  as- 
pha l t enes ,  and o i l s  were determined by convent iona l  so lven t  a n a l y s i s :  
a r e  s o l u b l e  i n  benzene bu t  i n s o l u b l e  i n  pentane ,  whereas o i l s  are s o l u b l e  both  i n  
benzene and pentane.  The 
concen t r a t ions  o f  s u l f u r  in  t h e  t o t a l  l i q u i d  products  and i n  t h e  benzene inso lu-  
b l e s ,  a spha l t enes ,  and o i l s  s e p a r a t e l y  were determined by t h e  Bomb-Washing Method. 
The d i s t r i b u t i o n  of p y r i t i c ,  o rgan ic ,  and s u l f a t e  s u l f u r s  i n  t h e  benzene inso lu-  
b l e s  w a s  determined by t h e  method recommended f o r  t h e  de te rmina t ion  of forms o f  
s u l f u r  i n  coa l .*  
ganic .  ’ 

Samples of t h e  tai l  g a s  were analyzed p e r i o d i c a l l y  by gas  chromatography, to  
de te rmine  t h e  format ion  of gaseous hydrocarbons. 
made. 

Each run was s t a r t e d  

The l i q u i d  products  from 25 lb of  s l u r r y  

asphal tenes  

Ash was determined by i g n i t i n g  t h e  benzene in so lub le s .  

The s u l f u r  i n  a spha l t enes  and o i l s  w a s  assumed t o  b e  a l l  or-  

A small amount of methane is  
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Materials. Analyses f o r  t h e  t h r e e  d i f f e r e n t  feed  c o a l s  and t h e  high-temperature  
tar  used i n  t h i s  work a r e  presented  i n  t a b l e  1. 
100 percent  through a 14-mesh U.S. Standard sieve and 70 percent  through a 200- 
mesh s i e v e .  The high-temperature  tar was  der ived  from t h e  coking of m e t a l l u r g i c a l  
grade bi tuminous c o a l  and had been topped t o  400' C by t h e  s u p p l i e r s ,  Koppers C O . ,  
Inc.* The Co-Mo/Si0p-A120 c a t a l y s t  w a s  purchased from Harshaw Chemical Co. 
(Manufacturer ' s  i d e n t i f i c a t i o n  number: 0402T). 

The c o a l s  were ground t o  pass  

RESULTS AM) DISCUSSION 

Hydrodesul fur iza t ion  of Coal Using High-Temperature T a r  as Vehicle .  The r e s u l t s  
from t h e  hydrodesu l fu r i za t ion  of t h r e e  d i f f e r e n t  c o a l s  i n  a v e h i c l e  of high-tem- 
p e r a t u r e  tar a t  2,000 p s i  and 450" C a r e  p re sen ted  i n  t a b l e s  2 and 3. The tar  

P i t t s b u r g h  seam c o a l  conta in ing  1.3 pe rcen t  s u l f u r  was d e s u l f u r i z e d  t o  a f u e l  
con ta in ing  0 . 3  percent  s u l f u r ,  an  Indiana  65 seam c o a l  con ta in ing  3.4 pe rcen t  
s u l f u r  was desu l fu r i zed  t o  a f u e l  conta in ing  0.42 pe rcen t  s u l f u r ,  and a Middle 
Ki t tanning  66 seam c o a l  con ta in ing  3.0 percent  s u l f u r  w a s  d e s u l f u r i z e d  t o  a f u e l  
conta in ing  0.36 percent  s u l f u r .  
t i t a t i v e l y  i n  t h e  products .  The c a l o r i f i c  va lue  of t h e  products  from t h e  t h r e e  
coa l s  were about  t h e  same, 16,400 Btu / lb .  About 284 s c f  of Hp was consumed i n  
p rocess ing  100 l b  of t h e  f eed  prepared from P i t t s b u r g h  seam c o a l ,  304 s c f  of H 2  
i n  process ing  100 l b  of feed  prepared  from t h e  Indiana  65 seam c o a l ,  and 330 s c f  
of  H2 i n  process ing  100 l b  of feed  prepared  from Middle Ki t t ann ing  %6 c o a l .  
f i g u r e s  f o r  t h e  consumption of  hydrogen were c a l c u l a t e d  from t h e  ana lyses  of t h e  
feeds  and t h e  products  and the y i e l d s  of t h e  l i q u i d  and gaseous products .  The 
e l imina ted  s u l f u r  was assumed t o  be  i n  t h e  form o f  H2S and n i t r o g e n  as NH3. The 
consumption of hydrogen f o r  r e a c t i o n  wi th  oxygen w a s  c a l c u l a t e d  by assuming t o t a l  
e l imina t ion  of oxygen from t h e  product .  
suppor t s  t h i s  assumption. In  view of expec ted  inaccurac i e s ,  t h e s e  i n d i r e c t  f i g u r e s  
should  be  considered only  approximately i n d i c a t i v e  of t h e  hydrogen requirement  
f o r  t h e  process .  
drogen d i r e c t l y .  

From t h e  a d d i t i o n a l  p r o p e r t i e s  of t h e  products  l i s t e d  i n  t a b l e  3, it is  seen  
t h a t  t h e  v i s c o s i t i e s  of t h e  products  from t h e  two h igh - su l fu r  c o a l s  are lower 
than  t h e  v i s c o s i t y  of  t h e  products  from P i t t s b u r g h  seam coal .  It appears  t h a t  
t h e  lower grade  coa l s  hydrogenate  more ex tens ive ly .  

None of  t h e  products  i n  t a b l e  3 contained components d i s t i l l a b l e  below 200" c 
and t h e  f r a c t i o n  d i s t i l l a b l e  below 355" C w a s  abouc t h e  same, 20 pe rcen t  by weight 
f o r  each of t h e  products .  

I w a s  a u s e f u l  f a c s i m i l e  of r ecyc le  product  o i l  u n t i l  i t  became a v a i l a b l e .  In  tar, 

/ 

In  each case, t h e  a sh  i n  t h e  f eed  remained quan- 

These 
I 

Determinat ions of oxygen by d i f f e r e n c e  

The p l a n t  i s  be ing  modif ied t o  measure t h e  consumption of hy- 

Hydrodesul fur iza t ion  of Coal i n  a Vehic le  of  Coal-Derived Liquid  and t h e  P rope r t i e s  
of  t h e  Products  Before and A f t e r  Cen t r i fuga t ion .  Tables  2 and 3 a l s o  con ta in  t h e  
r e s u l t s  from t h e  hydrodesu l fu r i za t ion  of Middle Ki t t ann ine  1 6  c o a l  i n  a v e h i c l e  - -~ 

. of coal-der ived l i q u i d  ( r ecyc le  o i l ) .  It may b e  noted  t h a t  t h e s e  r e s u l t s  r e f e r  
t o  a one-pass hydrotreatment  of t h e  feed  compared t o  three-pass  hydro t rea tments  
of t h e  feeds  prepared i n  high-temperature  tar .  Thus t h e  r e s idence  t i m e  is only  
one- th i rd  of t h a t  used f o r  t h e  t a r  s l u r r y  feeds .  The concen t r a t ion  of s u l f u r  
i n  t h e  products  w a s  0.48 pe rcen t  b e f o r e  c e n t r i f u g a t i o n  and 0.31 p e r c e n t  a f t e r  
c e n t r i f u g a t i o n .  The c e n t r i f u g a t i o n  r e s i d u e s  amounted t o  about 9.5 pe rcen t  by 
weight  of t h e  whole l i q u i d  p roduc t s ,  and cons i s t ed  of  33 pe rcen t  o r g a n i c  benzene 

* References t o  s p e c i f i c  brands  o f  materials are made f o r  i d e n t i f i c a t i o n  only 
and does no t  imply endorsement by t h e  Bureau of  Mines. 
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TABLE 1.- Analyses  of t h e  f eed  coa l s  and f eed  t a r ,  a s  rece ived  

hvab hvbb hvbb Middle High- 
P i t t s b u r g h  Indiana  65  Ki t t ann ing  66 temperature  
seam c o a l  seam c o a l  seam coa l  tar 

Proximate a n a l y s i s ,  w t  p c t  

Moisture  .............. 1.0 6 .1  2.4 - 
Ash ................... 11.1 8.9 9.4 - 
V o l a t i l e  ma t t e r  ....... 33.7 38.6 39.2 - 
Fixed carbon .......... 54.2 46.4 48.6 - 

Ult imate  a n a l y s i s ,  w t  p c t  

Moisture  .............. 
Ash ................... 
Carbon ................ 
Hydrogen .............. 
Nitrogen .............. 
Oxygen, by d i f f e r e n c e  . 
Sul fu r  ................ 

as s u l f a t e  ....... 
as p y r i t e  ........ 
as organic  ....... 

1.0 
11.1 
73.5 

4.9 
1.4 
6.8 
1.3 
0.07 
0 .GO 
0.63 

Solvent  a n a l y s i s ,  w t  p c t  

Benzene i n s o l u b l e s  .... - 
Asphal tenes  ........... - 
O i l  ................... - 

Heat con ten t ,  Btu / lb  ...... 13,320 

6 .1  
8.9 

67.0 
5.3 
1 . 4  
7.9 
3.4 
0.37 
0.98 
2.07 

- 
- 
- 

11,750 

2.4 
9.8 

71.0 
5.2  
1.3 
7 .3  
3.0 
0.01 
1.28 
1 .71  

- 
- 
- 

12,540 

- 
0.7 

92.3 
4.9 
1 . 2  
0.3 
0.6 
- 
- 

0.6 

14.0 
39.6 
46.4 

16 , 260 
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TABLE 2.- Hydrodesul fur iza t ion  of coa l  s l u r r i e s  
a t  450" C and 2,000 p s i  

S l u r r v  feed  rate: 5 l b / h r  
Hydrogen feed rate: 500 s c f h  

Feed Gross O i l  Product Analys is  > C a l o r i f i c  Hp consumed, 
I S, Ash, v a l u e ,  sc f /100  l b  

W t  p c t  W t  p c t  Btu / lb  of feed  

30 w t  p c t  P i t t s b u r  h 
seam c o a l  i n  tar  ? .............. 0.3 1 .5  16,450 284 

30 w t  pc t  Ind iana  115 
seam c o a l  i n  tar1 .............. 0.42 2.7 16,415 304 

30 w t  p c t  Middle Ki t tanning  
\ 116 seam c o a l  i n  tar1 ........... 0.36 2.5 16,310 330 
I 

30 w t  p c t  Middle Ki t tanning  
116 seam c o a l  in  coal-der ived 
l i q u i d ,  

b e f o r e  c e n t r i f u g a t i o n  ....... 0.48 3.5 16  ,'200 139 
a f t e r  c e n t r i f u g a t i o n 3  ....... 0.31 1 . 3  16,840 - 

1 

3-pass hydrotreatment .  
1-pass hydrotreatment .  
Cent r i fuge  cake = 9.5 percent  of gross  product .  
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i n s o l u b l e s ,  2 8  percent  ash,  9 p e r c e n t  a s p h a l t e n e s ,  and 30 percent  o i l .  As may 
be expected,  t h e  s p e c i f i c  g r a v i t y  of t h e  products  was  lower a f t e r  c e n t r i f u g a -  
t i o n  than b e f o r e ,  b u t  t h e  v i s c o s i t y  of t h e  products  w a s  
a f t e r  c e n t r i f u g a t i o n  than  before .  This w a s  probably due t o  a tmospheric  oxida- 
t i o n  of t h e  products  dur ing  s t o r a g e  p r i o r  t o  c e n t r i f u g a t i o n  and dur ing  c e n t r i -  
fuga t ion .  As is known, products  of c o a l  hydrogenat ion a r e  s e n s i t i v e  t o  atmos- 
p h e r i c  ox ida t ion .  

It i s  i n t e r e s t i n g  t o  n o t e  from t a b l e  4 t h a t  Hp consumption drops remarkably when 
r e c y c l e  o i l  i s  t h e  v e h i c l e  i n s t e a d  of tar. 
as s u s c e p t i b l e  t o  f u r t h e r  hydrogenat ion as tar is t o  i n i t i a l  hydrogenat ion.  

Forms and D i s t r i b u t i o n  of S u l f u r  i n  t h e  Products .  The forms and d i s t r i b u t i o n  
of s u l f u r  i n  t h e  products from t h e  h y d r o d e s u l f u r i z a t i o n  of Middle K i t t a n n i n g  
C6 seam c o a l  i n  high-temperature  t a r  a r e  presented  i n  t a b l e  4. S i m i l a r  d a t a  
f o r  products  from t h e  same c o a l  processed i n  r e c y c l e  o i l  have n o t  been completed 
a t  t h i s  w r i t i n g .  The concent ra t ions  of s u l f u r  i n  t h e  benzene i n s o l u b l e ,  asphal- 
t e n e ,  and o i l  f r a c t i o n s  of t h e  products  were determined s e p a r a t e l y .  The bulk 
of t h e  r e s i d u a l  s u l f u r  i s  always contained i n  t h e  benzene i n s o l u b l e  f r a c t i o n .  
This  f r a c t i o n ,  amounting t o  13.2 p e r c e n t  of t h e  products ,  contained 1.54 percent  
s u l f u r .  
p e r c e n t  of t h e  products  r e s p e c t i v e l y ,  each contained 0.18 percent  s u l f u r .  

Thus i t  is c l e a r  t h a t ,  i f  complete removal of  t h e  benzene i n s o l u b l e s  could be 
obta ined ,  t h e o r e t i c a l l y  87 p e r c e n t  of  t h e  products  may be recovered as  an ash- 
f r e e  l i q u i d  conta in ing  only 0.18 percent  s u l f u r .  
as a f u e l ,  such a l i q u i d  may b e  a v a l u a b l e  raw material f o r  e l e c t r o d e  carbon 
and t o  f u e l  t u r b i n e  engine e l e c t r i c  genera tors .  

A de te rmina t ion  of t h e  forms of  s u l f u r  i n  t h e  benzene-insoluble f r a c t i o n  revea led  
t h a t  88 percent  of t h e  s u l f u r  i n  i t  w-as organic ,  7 percent  p y r i t i c ,  and 5 per- 
c e n t  s u l f a t e .  
t o  b e  a l l  organic .  Thus, t h e  t o t a l  product  contained 0.34 p e r c e n t  o r g a n i c  s u l -  
f u r  and only 0 .01  percent  each of p y r i t i c  and s u l f a t e  s u l f u r s .  Since t h e  feed  
contained 0.38 percent  p y r i t i c  and 0.93 percent  o r g a n i c  s u l f u r ,  t h e  p y r i t i c  
s u l f u r  i s  e v i d e n t l y  e l imina ted  p r e f e r e n t i a l l y .  

Data repor ted  previous ly9  showed t h a t  t h e  f u e l  o i l  product  from P i t t s b u r g h  seam 
c o a l  could have a s u l f u r  conten t  as low as 0.09 percent  i f  t h e  benzene i n s o l u b l e s  
and a s h  are removed. 

s u r p r i s i n g l y  h i g h e r  

As expected,  t h e  r e c y c l e  o i l  i s  not  

I 

7 

i 

The asphal tene  and t h e  o i l  f r a c t i o n s ,  which amounted t o  21 .7  and 65.1 

7 

Aside from its premium q u a l i t y  

The s u l f u r  i n  the asphal tene  and o i l  f r a c t i o n s  may b e  assumed 

Yie lds .  As is  known, t h e  concent ra t ions  of mois ture ,  s u l f u r ,  and oxygen vary 
widely i n  coa ls .  Removal of  s u l f u r  is  of course t h e  o b j e c t i v e  of t h e  p r o c e s s ,  
b u t  t h e  d e s u l f u r i z a t i o n  i s  n e c e s s a r i l y  accompanied by removal of  mois ture  and 
oxygen. Thus, y i e l d s  of d e s u l f u r i z e d  f u e l s  from c o a l  may vary widely.  I f  t h e  
d e s u l f u r i z e d  products  are c e n t r i f u g e d ,  t h e  y i e l d  of  t h e  c e n t r i f u g e d  f u e l  w i l l  
a l s o  vary wi th  t h e  concent ra t ion  of minera l  matter i n  coa l .  

mum t h e o r e t i c a l  y i e l d  f o r  each coa l .  

But even i f  t h e  cumbersome p r a c t i c e  of r e p o r t i n g  y i e l d s  t o g e t h e r  w i t h  t h e  maxi- 
mum t h e o r e t i c a l  y i e l d s  i s  adopted, an  important  f e a t u r e  of th& process  w i l l  
remain masked. The c a l o r i f i c  v a l u e s  of t h e  products  are h igher  than  t h e  ca lor -  
i f i c  va lues  of t h e  feeds ,  and d e s p i t e  mass losses i n  process ing ,  t h e  a v a i l a b l e  
h e a t  from t h e  products  is  f r e q u e n t l y  more than  t h e  a v a i l a b l e  h e a t  from t h e  feeds .  
Thus, t h e  h e a t  conten t  y i e l d s  may be more than 100 percent  even though t h e  mass 
y i e l d s  are less than 100 percent .  

Evident ly ,  a s t a t e -  
.merit of y i e l d  w i l l  be meaningless u n l e s s  accompanied by a s ta tement  of t h e  maxi- 

S ince  f o r  e v a l u a t i n g  a fuel-making process  



TABLE 4 . -  Forms and d i s t r i b u t i o n  of s u l f u r  i n  t h e  products  from 
h v d r o d e s u l f u r i z a t i o n  of  30 w t  p c t  Middle Ki t tanning  #6 

seam c o a l  i n  t a r  

S, w t  p c t ,  i n  

Benzene i n s o l u b l e s  (13.2% of Prod.)  ..... 1.54 
Asphal tenes  (21.7% of Prod.) ............ 0.18 
O i l  (65.1% of Prod.) . . .. . ... .. . . . . .. . . . . 0.18 

Forms of S, w t  p c t ,  i n  t h e  
benzene-insoluble  f r a c t i o n  

S u l f a t e  ................................. 0.11 
P y r i t i c  ................................. 0.07 
Organic  ................................. 1 .36  

Forms of  S, w t  p c t ,  i n  t h e  t o t a l  
l i q u i d  p r o d u c t s ,  assuming a l l  S 
i n  a s p h a l t e n e s  and o i l  t o  be organic  

S u l f a t e  ................................. 0.01 
P y r i t i c  ...........:..................... 0.01 
Organic  ..........................-..... 0 .34  

- 
T o t a l  ............... 0 .36  

S ,  w t  p c t ,  i n  t h e  t o t a l  l i q u i d  
products  by d i r e c t  de te rmina t ion  ............. 0 . 3 8  
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t h e  r e l e v a n t  y i e l d  is  obviously t h e  h e a t  con ten t  y i e l d ,  t h e  fo l lowing  d i scuss ion  
w i l l  b e  i n  terms of Btu y i e l d s .  

General ly ,  Btu y i e l d s  i n  excess of 100 p e r c e n t ,  when based on t h e  l i q u i d  feed 
i n p u t ,  are explained thus:  Hydrocracking r e a c t i o n s  t h a t  produce lower mole- 
c u l a r  weights  are s l i g h t l y  endothermic and absorb energy from t h e  r e a c t o r  system; 
more impor t an t ,  a d d i t i o n a l  hydrogen i s  added t o  r a i s e  t h e  c a l o r i f i c  va lue .  

From t h e  f i g u r e s  p re sen ted  i n  t a b l e  5 ,  i t  w i l l  be  seen t h a t  t h e  Btu y i e l d s  f o r  
t h e  products  from t h e  hydrodesu l fu r i za t ion  of c o a l s  i n  high-temperature  t a r  a r e ,  
i n  each case, i n  excess  of 100 pe rcen t .  The Btu y i e l d  f o r  t h e  hydrodesulfur iza-  
t i o n  of Middle Ki t t ann ing  P6 c o a l  i n  coal-der ived o i l  i s  97 p e r c e n t  b e f o r e  cen- 
t r i f i g a t i o n  and 9 1  pe rcen t  af ter  c e n t r i f u g a t i o n .  I t  may be emphasized t h a t  t h e  
f i g u r e s  r e f e r  t o  t h e  y i e l d s  based on t o t a l  f eed ,  n o t  c o a l  a lone.  High-tempera- 
t u r e  t a r  a l s o  undergoes hydrotreatment  and so does t h e  r e c y c l e  o i l  b u t  n o t  as 
e x t e n s i v e l y  as t a r .  The re fo re ,  t h e  Btu y i e l d  appears  lower f o r  t h e  r e c y c l e  system. 

SUMMARY AND CONCLUSIONS 

It has been demonstrated t h a t  l i q u i d  f u e l s  con ta in ing  0 . 3  pe rcen t  s u l f u r  may be 
prepared i n  e n t i r e t y  from c o a l s  con ta in ing  3.0 - 3.4 pe rcen t  s u l f u r  by c a t a l y t i c  
hydrodesu l fu r i za t ion  i n  a cont inuous fixed-bed o p e r a t i o n  a t  450" C and 2,000 p s i ,  
followed by c e n t r i f u g a t i o n  of t h e  products .  The Btu y i e l d  of t h e  c e n t r i f u g e d  
f u e l  i s  9 1  pe rcen t .  I n  areas where a i r  p o l l u t i o n  r e g u l a t i o n s  are l e s s  s t r i n g e n t ,  
t h e  d i r e c t  product  of hydrodesu l fu r i za t ion  may be  used a s  a f u e l  w i thou t  cen t r i -  
fuga t ion .  
97 - 102 pe rcen t .  
b i e n t  temperature ,  s u i t a b l e  f o r  d i r e c t  use i n  o i l - f i r e d  burners .  

The r e s i d u a l  s u l f u r  i n  t h e  products  i s  e s s e n t i a l l y  e n t i r e l y  of o r g a n i c  n a t u r e  
and t h e  bulk of  i t  i s  contained i n  t h e  benzene-insoluble  components. Because 
t h e  product is l i q u i d  a t  low t e u p e r a t u r e s  wi thou t  s i g n i f i c a n t  v o l a t i l i t y ,  s o l i d s  
s e p a r a t i o n  shoulf be  r e l a t i v e l y  easy ,  t o  y i e l d  an a s h l e s s ,  ve ry  low-sulfur  f u e l  
o i l .  

Such product  con ta ins  0.4 - 0.5 pe rcen t  s u l f u r  and i t s  Btu y i e l d  i s  
The d e s u l f u r i z e d  s y n t h e t i c  f u e l s  a r e  l i q u i d  a t  o r  nea r  am- 
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TABLE 5.- Yie lds  of desu l fu r i zed  f u e l s  

C a l o r i f i c  Product  
va lue  -tal. C a l o r i f i c  

of feed ,  Yie ld ,  va lue ,  Yie ld ,  
Feed B tu / lb  w t  p c t  B tu / lb  Btu p c t  

30 w t  p c t  P i t t s b u r g h  seam 
coa l  i n  high-temperature  
t a r  .......................... 15,378 94 16,450 100.6 
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coa l  i n  high-temperature  
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30 w t  p c t  Middle K i t t a n n i n g  
1 6  seam coa l  i n  high-tem- 
p e r a t u r e  t a r  ................. 15,144 94 16,310 101.2 

30 w t  p c t  Middle K i t t a n n i n g  
#6 seam coa l  i n  coa l -de-  
r ived  l i q u i d s ,  ............... 15,550 

before  c e n t r i f u g a t i o n  ...... 93 16,200 96.9 
a f t e r  c e n t r i f u g a t i o n  ....... a4 16,840 91.0 
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